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Abstract 
Glass Fibre Reinforced Polymer (GFRP) is a composite material with emerging popularity as a 
replacement for steel in reinforced concrete structures, due to its higher strength, better corrosion 
resistant properties, and more compatible modulus of elasticity with concrete than steel.  Currently 
there is no Australian Standard for GFRP-reinforced concrete structures, and the research into 
GFRP bars in circular hollow concrete columns is ongoing.  It has been shown that hollow columns 
with internal steel confinement display enhanced concrete strength, greater ductility and yield 
strength due to the triaxial confinement of the concrete, compared to columns without internal 
confinement.   
This study aims to investigate experimentally the interaction of GFRP bars and a proprietary GFRP 
hollow composite reinforcing system (CRS) on the compressive behaviour of hollow concrete 
columns. 
A total of four hollow concrete columns of 1m in height, 250mm outer diameter with 65mm inner 
hollow core were prepared using 34.4MPa concrete and tested under concentric axial load.  All 
samples were laterally reinforced with GFRP spirals, with the hollow core being reinforced with 
CRS. Three columns were additionally reinforced vertically with 6 GFRP bars of increasing size, 
resulting in GFRP bar reinforcement ratios of 1.64%, 2.58%, and 3.72% respectively.  The control 
column was reinforced with spirals and CRS only. 
All four columns exhibited linear elastic behaviour until their initial peak load, at which point the 
cover concrete spalled, exposing the spiral reinforcement.  The initial peak load for all columns was 
found to be on average 13% lower than estimated by theoretical modelling.  By adapting the 
theoretical model’s assumptions to suit the experimental strain data, this model was brought to 
within the margin of error of the study.  The three columns with vertical GFRP bar reinforcement 
continued to support increasing load, peaking at an average of 36% higher load than the initial peak 
load, whereas the control column did not support significantly increased load.  Increasing the 
reinforcement ratio was found to increase the efficiency of the confinement provided by the GFRP 
spirals.  Furthermore, increasing the reinforcement ratio was found to decrease the ductility of the 
columns. 
The results confirm that the combination of GFRP bars and CRS reinforcement enhances the 
strength of hollow concrete columns after the initial peak load, due to triaxial confinement of the 
concrete.  Due to the small sample size and other limitations of this project, further testing and 
theoretical analysis will be required to develop a theoretical model which can accurately predict the 
peak load capacities and deformation behaviour of hollow circular concrete columns. 
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Chapter 1 Introduction 
1.1 Background & Problem Definition 
Reinforced concrete is one of the most common construction materials for civil engineering 
applications such as residential buildings, towers, stadiums & bridges, all of which typically use 
columns as a structural element.  Steel is the most common reinforcing material used, and due to the 
porosity of concrete, leaves these structural elements susceptible to corrosion in exposed 
environments.  Corrosion of the steel reinforcement can cause cracking failure of the concrete due 
to expansion of the steel, and also loss of strength and serviceability, thus reducing the life 
expectancy of the structure.  Due to the reinforcement being encased within the concrete, repairs 
can be costly, if possible at all.  This has led industry to search for an alternative material to use in 
place of steel for reinforcing concrete which is not susceptible to corrosion, but has similar 
properties, such that it can be used in a similar manner.   
As a result, the development of various fibre reinforced polymer (FRP) materials has accelerated in 
recent decades, the most prevalent being glass fibre reinforced polymer (GFRP) bar reinforcement.  
Other FRP materials include; carbon fibre reinforced polymer reinforcement which is typically flat 
and applied to the exterior surface of existing concrete, and extruded hollow FRP profiles which are 
used either to confine the exterior of a RC column or to create voids within concrete members to 
reduce material usage. 
A literature scan revealed that there are a number of existing studies into the performance of GFRP 
bar reinforcement in concrete elements such as columns, slabs, and railway sleepers, but none 
specifically pertaining to hollow GFRP reinforced concrete columns with additional internal 
confinement surrounding the hollow core.  Furthermore, studies have shown that as the hollowness 
of circular reinforced concrete columns increases, so does the post-axial failure ductility of the 
column, despite a reduction in axial capacity.  This could provide additional safety benefits for use 
in buildings which are subject to seismic loads, for example, by preventing the collapse of a 
building after structural damage.  At least one study has shown that hollow reinforced columns with 
internal steel confinement have both the equivalent axial capacity of solid columns, and the 
increased ductility of hollow columns.   
A proprietary composite reinforcing system recently developed by CRS (CRS, 2017), designed 
primarily for use as a void form in reinforced concrete slabs which also provides additional flexural 
strength, has not yet been tested in applications for axial performance.  As such, the CRS product 
provides an opportunity to test the axial performance of GFRP reinforced hollow columns with 





additional FRP internal confinement.  Testing various configurations of hollow circular GFRP 
reinforced columns using CRS as internal confinement will give further understanding into the 
effect of internal confinement of hollow columns, and the interaction of FRP and reinforced 
concrete.  This will then lead to further work in refining hollow column designs to optimise the 
axial capacity and ductility, and if found suitable, further development of the CRS product for use 
in such applications. 
1.2 Research Significance 
As there is currently no publically available experimental research into the combined effect of 
GFRP bar reinforcement and hollow composite section (CRS), this project could be considered as 
breaking new ground in the area of FRP reinforced concrete structures. 
1.3 Research Objectives 
The objectives of this research are: 
1. Review existing literature pertaining to the use of GFRP bar reinforcement in concrete and 
axially loaded hollow columns with internal confinement. 
2. Theoretical analysis of the hollow column design to predict the behaviour of each 
specimen. 
3. Investigate by experimental testing the effect of reinforcement ratio by increasing the bars 
diameter with using CRS. 
4. Analyse the tested behaviour and failure of the specimens, using the theoretical analysis as 
basis for comparison. 
1.4 Scope 
The scope of this research project will be limited to undergraduate level of analysis of the data 
collected, with particular concentration on the effect of changing GFRP bar diameter.  This project 
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Chapter 2 Literature Review 
2.1 Introduction 
This chapter contains a review of the literature pertaining to the use of GFRP bars in reinforced 
concrete, in particular the tensile and axial properties compared to steel.  Additionally, it contains a 
review into the properties of hollow concrete columns, and their behaviour under axial load under 
various confinement arrangements. 
 
2.2 GFRP Bar Reinforced Concrete 
GFRP bars are emerging as a viable alternative to steel bars in reinforced concrete applications 
which are exposed to aggressive environments (Gooranorimi et al., 2018). 
As yet, there is no Australian standard for the use of GFRP bars in reinforced concrete; however the 
Australian building and Construction Codes allow international design codes to be used for specific 
materials. 
So far, the American Concrete Institute (ACI), American Association of State Highway and 
Transportation Officials (AASHTO), and the Canadian Standards Association (CSA) have released 
design and construction guides for the use of fibre reinforced polymer bars in concrete (Designing 
with Composite Rebar, 2018). 
Each manufacturer of GFRP bars worldwide has slightly different specifications. An example of 
this is shown in the tables below.  Table 2.1 is the specifications for American GFRP bar 
manufacturer Aslan bars, and Table 2.2 is Australian manufacturer V-Rod standard GFRP bars.  
The manufacturer V-Rod produces GFRP bars with higher tensile modulus, and guarantees tensile 
strength between 25%-40% higher than Aslan, despite the bars having the same diameter.   
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Aslan 100 GFRP 







Elasticity Modulus  
(GPa) 
Ultimate Strain 
#2 6 31.67 896 46 1.94% 
#3 10 71.26 827 46 1.79% 
#4 13 126.7 758 46 1.64% 
#5 16 197.9 724 46 1.57% 
#6 19 285 690 46 1.49% 
#7 22 387.9 655 46 1.42% 
#8 25 506.7 620 46 1.34% 
Table 2.1 - Aslan 100 GFRP Specifications 
 
V-Rod Standard 











#2 6 31.7 1200 52.5 2.46% 
#3 10 71.3 1161 52.5 2.52% 
#4 13 126.7 1005 52.5 2.15% 
#5 16 197.9 930 52.5 1.99% 
#6 19 285 882 52.5 1.96% 
#7 22 387.9 811 52.5 1.82% 
#8 25 506.7 776 52.5 1.72% 
Table 2.2- V-Rod Standard GFRP Specifications  
 
2.2.1 GFRP Bar Reinforcement Compared to Steel Bar Reinforcement 
GFRP bars have different properties to steel bars, thus when designing a reinforced concrete 
structure, direct substitution from steel to GFRP is not possible.  This is mainly due to the elasticity 
modulus of steel being approximately 200GPa, and GFRP bars typically 50GPa.  Table 2.3 below 
shows the comparative material properties of V-Rod standard GFRP bars and typical steel bars. 




Table 2.3 - Comparative material properties of GFRP and steel bars  
These properties affect the way GFRP bars perform under load compared to steel bars. 
2.2.1.1 Axial and Flexural Properties 
Steel performs with a linear-elastic relationship up until the yield point, where it continues to 
deform while maintaining strength, whereas GFRP bars lose strength at the point of yield.  This is 
demonstrated in the following comparative tensile and flexural stress-strain curves (Figure 2.1 & 
Figure 2.2)  presented by Jabbar and Farid (2018), in the results of their experiment assessing the 
replacement of steel reinforcing bars with GFRP bars. 
 
Figure 2.1 - Tensile curves of steel and GFRP bars 
They noted that in the tensile test, the GFRP bars had approximately 200% higher yield strain than 
steel, which means that the engineer would have premature warning of failure in concrete. 




Figure 2.2 - Bending curves of steel & GFRP bars 
 
Jabbar and Farid also noted that in bending, the GFRP bars failed at 20.2% strain compared to steel 
which yielded at 16.2% strain, despite reduced yield strength.  However, steel maintains strength 
until ultimate failure, whereas GFRP immediately loses strength once yielded beyond the linear-
elastic limit.  
2.2.1.2 Shear Properties 
A recent study (Mohamed, Ali and Benmokrane, 2019) which tested the shear capacity of GFRP 
bars in circular columns found that due to the lower modulus of elasticity, (approximately 50GPa 
compared to 200GPa), GFRP bars had a reduced shear capacity compared to the steel reinforced 
equivalent.  Figure 2.3 below shows the shear failure of steel reinforced column (SS-10) in graph 
(a) compared to GFRP reinforced column (SG-10) in graph (b), note that the steel experienced shear 
failure at a higher (632kN) axial load compared to GFRP (462kN) at a similar strain.  




Figure 2.3 - Comparative stress/strain curves of circular columns reinforced with GFRP & Steel 
   
2.2.1.3 Bond Properties 
Fava et al (2016) tested the bond strength with concrete of various GFRP and steel bar diameters, 
and their experimental results showed that the while the pull-out capacity was similar, the main 
difference was the failure mode, as shown in Figure 2.4.  At all diameters, the GFRP bars failed at 
the bond with its external layer completely detaching from the internal bar portion, whereas the 
steel bars a lower diameters failed at the concrete interface, larger diameters resulted in concrete 
specimens cracking and splitting. 
They concluded that this was likely due to the steel bars having a deformed surface which 
transferred mechanical tension directly into the concrete causing cracking, whereas the GFRP bars 
have a lower surface roughness, and slippage was the result of the friction between the coarse quartz 
sand surface and the lower strength polymer surface underneath. This has implications for the 
development length of GFRP bars in concrete compared to deformed steel bars. 
 




Figure 2.4 - Failure mode of GFRP bar in concrete 
 
 
2.3 Circular Hollow Concrete Columns 
2.3.1 General  
Circular hollow concrete columns reinforced with steel are commonly used in applications such as 
bridge columns and power poles, as they provide a more economical design than solid columns for 
the same cross sectional area as solid columns (Kim et al., 2013).  Hollow columns can also provide 
improved safety in earthquake prone areas due to the reduced seismic mass and decreased neutral 
axis failure (Lee et al., 2014). 
2.3.2 Ductility 
The hollowness of reinforced circular concrete columns also contributes to the ductility of the 
column after peak axial capacity is reached.  A recent study (AlAjarmeh et al., 2019) at the 
University of Southern Queensland Centre for Future Materials which explored the use of GFRP 
bars in circular hollow concrete columns, found that as the diameter of the internal hollow core 
increased, the  column could withstand more deformation before reaching a second (and final) peak 
load. 
In the above study, the ductility factor (DF)μΔ was calculated as the ratio of the deformation at 85% 
of the first peak axial load (Pn1).  This is shown in Figure 2.5 and Equation 2.1below. 




Figure 2.5 - Ductility factor as per load/deformation curve 
Thus the Ductility Factor DF (μΔ): 






This increase in ductility factor is outlined in the summary of test results for the aforementioned 
study, as shown in Figure 2.6 below.  The column SG0 is a solid concrete column reinforced with 
GFRP bars, the columns designated HG# are hollow with increasing internal diameter, and HS65 is 
a steel reinforced hollow column with a 65mm diameter internal void.  The study found that 
increasing the inner to outer diameter ratio changed the failure mode from brittle to pseudo ductile, 
with increasing ductility as the inner void diameter increased.  It is also worth noting that the steel 
reinforced hollow column had low ductility after peak axial load.  This is because unlike the GFRP 
reinforced columns, the axial capacity gradually reduced after peak load, rather than maintaining 
strength before ultimate failure. 
 
Figure 2.6 - Summary of test results showing increase in ductility factor 





The performance of axially loaded short columns is improved by the use of transverse 
reinforcement, which improves the buckling resistance of the longitudinal bars, and confinement 
against lateral expansion of the concrete when under load (Foster, Kilpatrick and Warner, 2010).  
With circular columns this is typically provided by a spiral of reinforcement around the longitudinal 
bars at a pitch/spacing sufficient to resist the internal forces.  With steel reinforced circular columns, 
there is required to be sufficient concrete cover to protect the steel against corrosion and other 
environmental factors.  In an application where the reinforcement is being replaced like-for-like 
with GFRP, concrete cover would still be required to maintain a uniform surface to the column and 
prevent spalling.   
There are however applications where the column can be completely encased by steel, FRP or 
GFRP tubes or wrap as demonstrated by a study by Kusumawardaningsih and Hadi (2010). Their 
study demonstrated an approximate 50% increase in axial capacity by including a FRP wrap to the 
exterior of both solid (Figure 2.7) and hollow (Figure 2.8) circular reinforced concrete columns.   
 
Figure 2.7 - Strain curve of circular reinforced columns 
 
Figure 2.8 - Strain curve of circular hollow reinforced columns 




In the case of cast-insitu external confinement using GFRP spirals in hollow reinforced concrete 
columns, AlAjarmeh et al. (2019) identified a typical load deformation pattern which could be 
further summarised into three phases, shown in Figure 2.9. 
 
Figure 2.9 - Typical load-deformation pattern of circular hollow reinforced concrete columns 
The first phase is characterised by linear-elastic loading behaviour with no detectable surface 
cracking.  The second phase begins as the peak axial load is reached and a significant drop in load 
due to the cracking and spalling of concrete cover.  The cracking of the cover concrete reduces the 
effective area of the concrete column.  Phase three begins as the concrete cover separates away from 
the reinforcement which begins bulging under the load.  Depending on the amount of confinement 
provided by the spiral reinforcement, the axial load can vary up or down until the second peak load, 
by which time the confined concrete fails.   
In their study of the axial performance of hollow concrete columns reinforced with GFRP bars and 
spirals, AlAjarmeh et al. (2019) demonstrated the confinement, lateral spacing, and opening effects, 
in order to deduce experimentally the various factors which can be used to predict the behaviour of 
the columns in the second and third phases of the loading behaviour.  This was achieved with a 
reasonable level of confidence of R
2
 = 0.87 for the bar diameter factor and R
2
 = 0.92 for the 
effective lateral confinement, which in turn can be used to calculate the second peak load capacity. 




Figure 2.10 - Lateral confinement mechanism and spacing effect 
 
2.3.4 Internal Confinement  
Of the few studies which have been conducted regarding confinement of the internal core of hollow 
circular concrete columns, most have used a steel flat or corrugated tube.  A hollow reinforced 
column with no internal confinement could be considered biaxially confined, and with a source of 
internal confinement, triaxially confined.  This is depicted in Figure 2.11and Figure 2.12 below 
(Han, Yoon and Kang, 2010). 
 
Figure 2.11 - Biaxially confined hollow reinforced concrete  
 
 
Figure 2.12 - triaxially confined state of internally confined hollow reinforced concrete  
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In their experimental study of the compressive strength of circular hollow reinforced concrete 
confined by an internal steel tube, Han et al (2010) determined three possible failure modes: 
Failure mode 1 – the concrete is triaxially confined prior to the inner confinement tube failing due 
to either yield of buckling, after which the concrete is biaxially confined, and fails under biaxial 
conditions. 
Failure mode 2 – the concrete is triaxially confined until the column fails by the yielding of the 
transverse reinforcement.  In this condition the column has equal confinement strength to a solid 
reinforced column. 
Failure mode 3 – where the failure of the inner confinement tube and transverse reinforcement 
occurs simultaneously.  The failure pattern is similar to failure mode 2 whereby the column is 
completely confined until failure.  
Their experimental results confirmed that internal confinement enhances the strength of concrete, 
and confirms that the concrete is triaxially confined in this condition.  The results also showed that 
specimens expected to exhibit failure mode 2 had higher axial capacity than those of failure mode 1.  
Further, the specimens with internal confinement showed greater ductility after yield strength was 
achieved. 
 
Figure 2.13 - Stress-strain curves of hollow concrete with & without internal confinement  
 
2.3.5 Longitudinal reinforcement 
The longitudinal reinforcement of a column is typically expressed as a ratio of the area of the bars 
relative to the cross-sectional area of the column.  In circular hollow columns it is typically placed 
at even radial spaces around the perimeter within the transverse reinforcement hoops or spirals, 
allowing for concrete cover.  The reinforcement ratio can be modified by either increasing the 
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number of vertical bars, or the diameter of the bars to be used.   In their study of the seismic 
performance of circular hollow reinforced concrete columns, Lee et al (2014) found that by 
increasing the reinforcement ratio by increasing the number of bars increased the cyclic lateral load 
capacity, but reduced the ductility.   
Interestingly, AlAjarmeh et al. (2019) showed that in hollow GFRP reinforced columns, by 
increasing the diameter of the bars, the ductility factor increased, but reduced again as the bar 
diameter increased further.  This suggests that there are other factors at play regarding ductility 
other than just the longitudinal reinforcement. 
Aside from the confinement effects, the longitudinal reinforcement has a significant effect on the 
peak axial capacity of GFRP reinforced concrete columns.  This is due to the internal axial force in 
a column is equal to the applied load and the resultant of the internal forces in the concrete and 
reinforcement (Foster et al, 2010).   In the case of a steel reinforced column it would be a 
summation of the compressive capacity of the concrete, the steel, multiplied by their respective 
areas.  However GFRP reinforced concrete columns behave differently due to the varied failure 
mechanisms and the fact that GFRP bars have non-homogenous properties.  For instance the 
compressive strength of GFRP bars has been found to be between 50% and 67% of the tensile 
capacity (Fillmore and Sadeghian, 2018) when encased in concrete, but this is also dependent on 
whether the bars are subject to bending or lateral stress. 
2.3.6 Axial Capacity 
As above, predicting the peak axial capacity of GFRP reinforced concrete columns has been 
somewhat controversial, such that the contribution of the GFRP bars are not included in the ACI or 
CSA design standards (AlAjarmeh et al., 2019).   
Several analytical models for predicting the axial capacity have been developed, however in 
AlAjarmeh et al’s previous work on GFRP reinforced hollow circular columns has shown good 
correlation between experimental results and Equation 2.2 below: 
𝑃𝑛 = 0.85 × 𝑓
′
𝑐 × (𝐴𝑔 − 𝐴𝐹𝑅𝑃) + 0.003 × 𝐸𝐹𝑅𝑃 ×  𝐴𝐹𝑅𝑃  
Equation 2.2 
Where:  
Pn = peak axial capacity 
f’c = concrete compressive strength 
Ag = column cross-sectional area 
AFRP = longitudinal GFRP reinforcement cross-sectional area 
EFRP = modulus of elasticity of the longitudinal reinforcement 
0.003 = the average axial strain at first peak load of the GFRP bars within concrete (3000με) 
0.85 = concrete area contribution as per ACI  
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The axial strain of 0.003 was selected as it is compatible with the ultimate axial strain of concrete as 
per ACI-318. 
 
2.4 Knowledge Gap & Summary 
Following the review of the existing literature, it is clear that more research into the interaction 
between GFRP bar reinforcement and circular hollow columns is needed, as there are currently very 
few studies looking at confinement of the internal hollow core.  In particular, the CRS product has 
not yet been tested in this capacity at all.  Due to the proprietary shape of the product which 
includes four extrusions which would be cast within the concrete, it could not be assumed to buckle 
in a manner similar to a purely circular section, as has been studied with steel confinement.  Further 
to this, confirmation of triaxial confinement in GFRP reinforced columns, and the interaction 
between different reinforcement ratios with the CRS product would be hard to predict without 
experimental data. 
As such, there are two main outcomes likely to arise from this study.  Firstly, further data which 
could lead to a theoretical model of internally confined GFRP reinforced hollow circular reinforced 
columns.  Secondly, one would expect the outcome of this study to inform the proprietors of CRS as 
to whether the product is worth further developing or modifying to suit axial loaded applications.  
Modifications to the thickness and the internal diameter to suit different column sizes, for instance, 
could be parameters that could be changed to affect the viability of CRS. 
 





Chapter 3 Materials & Method 
3.1 Introduction 
This chapter will outline the purpose of the research, the materials to be tested, the preparation of 
the samples and test setup, and instrumentation used.  A brief theoretical analysis of the samples 
will follow, to anticipate the failure load of each sample. 
As per the literature review, there is currently no available research into the hollow concrete 
columns using a combination of GFRP bars and spirals with the internal core also reinforced with a 
hollow GFRP material.  This research is intended to investigate the structural interaction of the two 




The concrete used is Portland cement, mix design to f’c = 32MPa at 28 day strength.  
3.2.2 GFRP Reinforcement 
The main vertical and lateral reinforcement for the columns is GFRP bars and spirals, which are a 
composite material produced by the pultrusion of glass fibres with a vinyl-ester resin.  These are 
sand-coated and high-modulus (Grade III) #4, #5, and #6 bars, and #3 spirals, with the following 
properties in Table 3.1 below: 
Bar size designation #3 #4 #5 #6 
Diameter (mm) 9.5 12.7 15.9 19.1 
Area (mm2) 70.8 126.6 198.5 286.5 
Modulus of Elasticity (GPa)  62.5 61.3 60.5 60.5 
Table 3.1 - GFRP bar and spiral material properties 
 






Figure 3.1 - #3 GFRP Spiral 
 
 
Figure 3.2 - #5 GFRP Bars 
 
3.2.3 Composite Reinforcing System (CRS) 
The hollow core of the test samples will be confined by the CRS fibre composite product, the 
material properties of which are contained in Table 3.2 below.  The CRS dimensions are as shown 
in Figure 3.3. 





Properties  Test standard   Values  
Density, kg/m
3
 ASTM D792 1926.5  
Fibre content by weight, % ASTM D2584 73.2%  
Glass transition temperature,  
o
C ASTM E1356 81.4  
Axial compression, MPa ASTM D695 120.4  
Transverse compression, MPa ISO 14125(1998) 8.8  
Transverse shear strength, MPa ASTM D2344/D2344M-13 7.5  
Interlaminar shear strength, MPa ASTM D4475 22.1  
Flexural strength, MPa ASTM D790 201.1  
Flexural modulus, GPa ASTM D790 42.1 
Table 3.2 - CRS material properties (CRS 2017) 
 
Figure 3.3 - CRS composite reinforcing system dimensions (CRS 2017) 
 
 
Figure 3.4 - Composite Reinforcing System 
 
    





3.3 Specimen Details 
Four (4) circular concrete columns with 250mm outer diameter, 60mm hollow inner core as per the 
CRS specifications, and 1.0m in height were investigated in this study.  Each column is reinforced 
with 9.5mm diameter (#3) GFRP spirals at 50mm pitch, and configured with a combination of 
vertical GFRP bar reinforcement and CRS as internal confinement, as shown in Figure 3.5 and 
summarised in Table 3.3 below.   
 
















S1 GFRP/CRS 6 12.7 # 3 50mm 35 
Increasing 
bar diameter 
S2 GFRP/CRS 6 15.9 # 3 50mm 35 
S3 GFRP/CRS 6 19.1 # 3 50mm 35 
SC CRS - - # 3 50mm 35 
Control 
specimen 
Table 3.3 - Test Specimen Summary 
 
Test specimens S1, S2, and S3, are identical with the exception of the vertical reinforcing bar 
diameter increasing with each sample respectively, as this is the main test parameter.  Internal 





confinement will be provided by CRS in each of these samples.  This will provide a measure of the 
effect of changing reinforcement ratio, with any differences observed in the sample behaviour under 
axial load being due to the increased vertical GFRP reinforcement. 
Control specimen SC will contain just the GFRP spirals and CRS as the only vertical reinforcement.  
This sample will give an indication of whether the CRS dimensions can provide vertical 
reinforcement in lieu of GFRP bars.   
 
3.4 Theoretical Analysis 
As the effect of internal confinement in hollow circular GFRP reinforced columns has not yet been 
studied enough for a theoretical model to be available, the samples will first be analysed ignoring 
the effect of internal confinement.  This will allow the test results to be compared to the analysis 
with the assumption that any difference in axial capacity will be due to the internal confinement 
effect. 
3.4.1 Axial Contribution of the CRS 
AlAjarmeh et al’s previous work on GFRP reinforced hollow circular columns has shown good 
correlation between experimental results and Equation 3.1 below: 
𝑃𝑛 = 0.85 × 𝑓
′
𝑐 × (𝐴𝑔 − 𝐴𝐹𝑅𝑃) + 0.003 × 𝐸𝐹𝑅𝑃 ×  𝐴𝐹𝑅𝑃  
Equation 3.1 
 
In order to incorporate the CRS into Equation 3.1 and predict the axial capacity, first the CRS axial 
strain at failure must be estimated.  This can be taken as the relationship between flexural modulus 
and maximum axial compression from the provided CRS properties in Table 3.2. 




ε𝐶𝑅𝑆 =  120 𝑀𝑃𝑎 42.1 𝐺𝑃𝑎⁄  
ε𝐶𝑅𝑆 =  0.00286 
Incorporating the CRS contribution into Equation 3.1 results in the predicted axial capacity for a 
hollow circular GFRP reinforced concrete column with CRS to be as shown in Equation 3.2: 





𝑃𝑛 = 0.85 × 𝑓
′
𝑐 × (𝐴𝑔 − 𝐴𝐹𝑅𝑃) + 0.003 𝐸𝐹𝑅𝑃 𝐴𝐹𝑅𝑃  + 0.00286 𝐸𝐶𝑅𝑆 𝐴𝐶𝑅𝑆  
Equation 3.2 
Where:  
Pn = peak axial capacity 
f’c = concrete compressive strength (32 MPa) 
Ag = column cross-sectional area 
AFRP = longitudinal GFRP reinforcement cross-sectional area 
EFRP = modulus of elasticity of the longitudinal reinforcement 
ACRS = CRS cross-sectional area 
ECRS = modulus of elasticity of the CRS 
0.003 = axial strain at failure of GFRP (as compatible with concrete strain) 
0.00286 = axial strain at failure of CRS 
0.85 = concrete area contribution as per ACI  
 
Thus, the peak axial capacity of each specimen, ignoring the any additional internal confinement 












S1 GFRP/CRS 6 12.7 1525 
S2 GFRP/CRS 6 15.9 1590 
S3 GFRP/CRS 6 19.1 1671 
SC CRS - - 1406 
Table 3.4 - Peak axial load capacity (Pn) of each specimen 
 
  





3.5 Specimen Preparation 
The GFRP reinforcement cages were constructed by using zip ties to attach the spirals to the bars, 
as per the specimen details above.  Two strain gauges were then attached to each of the reinforcing 
types for each sample, and then covered with a layer of rubber to protect the gauges from the 
concrete.  The bars, spirals, and CRS gauges were placed at mid-height and at opposite sides of 
each sample as per Figure 3.6 and Figure 3.7 prior to casing of the concrete.  
 
Figure 3.6 - Strain gauge placement 






Figure 3.7 - Strain gauge attached to the spiral 
 
Figure 3.8 - strain gauge attached to CRS with protective rubber 
 
The CRS was then inserted into each sample.  These were secured into position at the centre of the 
samples by using zip ties threaded through a small hole drilled on each side of the CRS.   






Figure 3.9 - Sample S3 prior to insertion into the form tube 
 
These reinforcement cages were then placed within plastic 250mm diameter tubes, using 25mm 
concrete spacers to maintain 25mm cover to the reinforcement.  The wires were then threaded 
through small holes in the form tube.  The top view of the samples is shown in Figure 3.10 below.  
 
Figure 3.10 - top view of the samples 
 
The end of the CRS tubes were taped up to prevent concrete entering the hollow centre of the 
samples, which were then placed in a purpose-built timber frame, and then filled with concrete, and 
left to cure for 28 days in order for the concrete to achieve the design strength. 






Figure 3.11 - the samples ready to be filled with concrete 
 
Once the concrete had cured enough to transport the columns and remove the formwork tube, the 
top and bottom of each sample was then wrapped with fibreglass, to provide additional 
confinement, shown in Figure 3.12 below. 
 
Figure 3.12 - Additional fibreglass confinement 
 
Lastly, the concrete strain gauges were attached to each side of each sample at mid-height, aligned 
vertically with the column as shown in Figure 3.13below. 






Figure 3.13 - Concrete strain gauge 
 
3.5.1 Concrete strength test specimens 
In addition to the reinforced concrete columns, eight (8) 100mm diameter by 200mm high test 
cylinders were cast in order to test the actual concrete compressive strength.  The test moulds are 
shown in Figure 3.14 below. 
 
Figure 3.14 - Concrete test cylinder moulds prior to casting 
 
3.5.2 Concrete strength test setup 
The eight concrete strength test specimens were also tested under concentric compressive load to 
determine the compressive strength of the concrete, in accordance with the Australian Standard 
AS1012.8.3.  The concrete strength test apparatus is shown in Figure 3.15 below. 






Figure 3.15 - Concrete strength test apparatus 
 
  





3.6 Test Setup  
The setup required to test the samples included: 
 Hydraulic jack & load cell, rated to 200 tonne 
 String pot 
 Circular steel top plate 
 300x300x3mm rubber, two per sample 
 Square steel base plate 
 Steel band, for additional base confinement 
 Computer for logging data 
 Digital camera & video camera 
 Aviary mesh, for safety 
Each sample was positioned underneath the hydraulic jack, as depicted in Figure 3.16 below.  The 
hydraulic jack was used to apply load to each sample, with the load cell measuring the applied load.  
The circular steel plate was placed between the sample and the load cell to ensure the load was 
applied to the sample evenly.  The 3mm rubber mats were also positioned at the top and bottom of 
each sample to reduce imperfections in the concrete surface.  The square steel plate was placed on 
the concrete slab floor to provide a smooth and stable surface, while the steel band was applied to 
the base of each sample to provide additional confinement and avoid local failure.  The string pot 
measured the sample vertical deformation, while the computer logged all the data from the strain 
gauges, the load cell, and the string pot.   
Once each sample was in position, the aviary mesh was wrapped around to prevent any large pieces 
of concrete from injuring the participants.  The video and still cameras were used to record images 
of cracking that occurred during testing. 






Figure 3.16 - Test setup 
  





Chapter 4 Results and Observations 
4.1 Introduction 
This chapter will present all of the recorded data and pertinent observations from the four 
specimens, including the strain readings from the various components, the compressive 
deformation, and mode of failure. 
4.2 Load Deformation Behaviour 
The deformation of each column was recorded by using a stringpot, which measured the vertical 
displacement of the hydraulic jack as it applied load to the column.  Figure 4.1 below shows the 
vertical deformation of all four columns. 
 
Figure 4.1 - Deformation of all columns 
All four columns exhibited linear-elastic deformation up until the cover concrete began to crack and 
spall, within the range of approximately 1200-1500kN.  By approximately 1400kN the cover 
concrete had separated from the spiral reinforcement of each column, with the exception of column 
S3 in which this occurred at closer to 1600kN.   
From this initial peak load, the three columns with both CRS and GFRP bar vertical reinforcement 
(S1, S2, S3) continued to support increasing load until the point of local failure and either the top or 

























of failure, whereas columns S1 and S3 appear to have peaked then continued to deform prior to 
ultimate failure.  Column S3 achieved the highest load of approximately 2100kN, compared to both 
S1 and S2 which reached approximately 1900kN.  
The control column with CRS and spirals only (SC) did not support much more load after the initial 
peak, and continued to deform significantly until failure of the spiral.   
 
4.3 Behaviour of column S1 
It was observed that the column failed locally at the top of the column. Slight cracking in the cover 
concrete first appeared mid-height of the column at approximately 1300kN load, which was 
followed by cracking immediately below the fibreglass restraint at the top of the column.  The 
initial cracks rapidly expanded and extended down from the top of the column between 1300kN and 
1400kN load, resulting in the cover concrete becoming completely separated from the column 
between 1400kN and 1500kN load as depicted in Figure 4.2:  
 
Figure 4.2 - Cracking of column S1 at first peak load 
 
The column continued to deform in this condition while increasing load was applied, peaking at 
approximately 1900kN.  Figure 4.3 shows the state of the column at the second peak load, shortly 
before the fibreglass confinement at the top ruptured. 






Figure 4.3 - Cracking of column S1 at second peak load 
 
The rupturing of the fibreglass confinement at the top of the column resulted in the top 50-100mm 
of the confined concrete failing due to a lack of restraint at the end of the top of the spiral. Figure 
4.4 depicts the final state of the column, showing that although the spiral reinforcement was not 
broken, it was unable to confine the concrete.  The top of the GFRP bar reinforcement in this zone 
had bent slightly, but was not broken. 
It was also observed that the rest of the column showed no signs of reinforcement failure, or failure 
of the internal concrete, in particular the base of the column which was confined by the steel 
bracket. 






Figure 4.4 - Local failure at top of column S1 
 
The strain on the surface of opposite sides of the concrete surface was measured at mid-height, and 
is plotted against the applied load in Figure 4.5 below.  The strain gradually increased with load 
until approximately 1700µε at 1400kN, at which point the cover concrete cracked and spalled.  
There is a slight difference between the two gauges which increased as the load increased, this 
could either indicate a minor eccentricity in the loading or minor defects within the column itself.  
 






















The spiral strain was measured on opposite sides of the column at mid-height, as plotted in Figure 
4.6 below.  The strain in the spiral increased to approximately 130µε at 1100kN, and then rapidly 




Figure 4.6 - GFRP Spiral strain of column S1 
 
The strain in the vertical GFRP bars was measured on opposite sides of the column at mid-height, 
as plotted in Figure 4.6 below.  The strain increased to approximately 2000µε at 1400kN at which 
point the cover concrete spalled and the strain increased to approximately 4000µε. This transition 
zone is marked on the chart, and indicates that the GFRP bars share of the load increased as the 
cover concrete was no longer able to support load.  From this point the strain gradually increased to 






















Figure 4.7 - Vertical GFRP bar strain of column S1 
 
The strain of the CRS was measured on opposite sides of the CRS at mid-height of the column, and 
is plotted in Figure 4.8 below.  The CRS strain behaved similarly to the GFRP bars however with 
approximately half the strain for the same loads.  This could be an indication that the CRS was 
confining the column core preventing it from collapsing inwards, causing more strain towards the 
outer surface as load increased.  There is also an increasing difference between the strains at each 
side of the CRS during the second loading phase, which could indicate eccentric deformation after 
the cover concrete spalled. 
 







































The strain data has been reviewed in comparison to video footage of the testing of the column, 
which confirms that cover concrete began cracking at the initial peak load of approximately 
1400kN, at which point the column noticeably began to deform as the cover concrete spalled, prior 
to withstanding further loading.  The local failure at the top of the column occurred rapidly and 
without warning, as the external fibreglass confinement ruptured. 
 
4.4 Behaviour of column S2 
It was observed that column S2 also failed locally, however in this instance it occurred at the base 
of the column which was confined with several layers of fibreglass rather than a steel ring as in S1.  
Cracking in the cover concrete first appeared at the top half of the column at approximately 1200kN 
load, at which point the cracks gradually propagated outwards and down. Cracking below the 
fibreglass restraint at the top of the column began to occur at approximately 1300kN, whilst the 
cracks mid-height of the column rapidly extended down to then bottom of the column between 
1300kN and 1400kN load.  In contrast to column S1, the cover concrete spalled in larger pieces 
more gradual transition to the concrete completely separated from the column.  This occurred at 
approximately 1400kN, however the spalled concrete remained in large sections, as depicted in 
Figure 4.9. 
 
Figure 4.9 - Cracking of column S2 at first peak load 
 





The large vertical crack in the cover concrete shown in Figure 4.9 which extends to the bottom, 
appeared to be what caused the fibreglass base confinement to rapidly split and fail.   Figure 4.10 
below depicts the state of the column after testing.  Similar to the local failure at the top of column 
S1, the spiral reinforcement became loose after the fibreglass ruptured, resulting in the concrete in 
this area breaking apart.  Likewise, the remainder of the column did not show any signs of rupture 
or damage. 
 
Figure 4.10 - Local failure at bottom of column S2 
 
The concrete surface strain of column S2 is plotted in Figure 4.11 below.  The strain gradually 
increased with load until approximately 1300µε at 1200kN, where cracking began to occur resulting 
in the loss of data from one strain gauge (shown blue).  The second gauge continued to record data 
as the concrete cracking increased to approximately 2000µε at 1400kN, at this point the cover 
concrete had spalled.  The strain gauge which failed first also recorded higher strains for the same 
load compared to the other.  This could possibly be due to eccentric loading of the column causing 
more cracking on that side.  






Figure 4.11 - Concrete strain of column S2 
 
The spiral strain is plotted below in Figure 4.12 and shows similar behaviour to the concrete strain, 
whereby one gauge (shown red) failed at approximately 1200kN with 4200µε, while the remaining 
strain gauge continued to record data until failure at approximately 16500kN with 650µε.  The 
gauge which failed early also recorded increasingly higher strain than the other, which suggests 
uneven stress distribution from one side of the column to the other, possibly due to eccentric 
loading. 
 
Figure 4.12 - GFRP spiral strain of column S2 
 
The strain in the vertical GFRP bars of column S2 is shown in Figure 4.13 below.  The strain 




































and strain increased rapidly up to 7500µε at 1800kN. In contrast to column S1, the transition 
between the two loading phases appears to be more gradual, without a significant ‘jump’ in strain.  
Whilst the two strain gauges show a similar behavioural response to load, one gauge (shown red) 
recorded strains with an offset of up to 1200µε higher than the other for the same load.  The 
difference in strain readings gradually lessened after the initial peak.  This difference could be due 
to eccentric loading of the column, or possibly a defect in the preparation leading to the 
reinforcement being misaligned.  
 
Figure 4.13 - Vertical GFRP bar strain of column S2 
 
The CRS strain data for column S2 shown in Figure 4.14 depicts similar discrepancies between 
each gauge as the GFRP bar strains, with one gauge recording much higher strains for the 
equivalent loading.  One gauge (shown blue) recorded an initial peak of approximately 300µε at 
1300kN whilst the other appeared to initially peak 700 µε at 1000kN.  After the initial peak, both 
gauges recorded increasing strain, converging at the point of failure which was approximately 5500 
























Figure 4.14 - CRS strain of column S2 
 
Upon reviewing the video footage of the testing of the column in conjunction with the strain data, it 
is clear that the cover concrete began cracking at the initial peak load of approximately 1200kN, and 
continued to spall until the sudden local failure at the base of the column.  It is unclear at this stage 
why the column exhibited asymmetrical strain behaviour, but this may have been caused by 
eccentric loading or a defect in the column.  It is also worth noting that column S2’s initial peak 
load and ultimate local failure loads were not higher than column S1 despite having increased bar 
diameter.  The lack of a steel ring confinement at the base of the column and the potentially 
eccentric loading may have contributed to this. 
 
4.5 Behaviour of column S3 
Similar to column S1, it was observed that column S3 also failed locally at the top of the column.  
Significant cracking in the cover concrete first appeared below the top ring of fibreglass 
confinement, along with smaller cracks in the lower third at approximately 1500kN load, then as 
























Figure 4.15 - Cracking of column S3 at first peak load 
 
It was also observed that after the initial peak load, the vertical cracking was more significant on 
one side of the column than the other. This resulted in the cover concrete completely breaking up on 
one side, and only minor cracking on the other, as depicted in Figure 4.16. 
Figure 4.17 depicts the final state of column S3 after the second peak load and with the spalled 
concrete removed.  Similar to column S1, the mode of failure was due to the fiberglass confinement 
at the top of the column rupturing, resulting in local failure of the concrete and separation of the top 
of the spiral from the concrete.  The spiral itself did not appear to have failed. 






Figure 4.16 - Cracking of column S3 during second loading phase 
 
 
Figure 4.17 - Local failure at top of column S3 
  





The strain on the surface of opposite sides of the concrete surface was measured at mid-height, and 
is shown plotted against the applied load in Figure 4.18 below.  The strain gradually increased with 
load until approximately 1000µε at between 1200-1300kN, at which point one strain gauge fails, 
whilst the other recorded strain up to 1900µε at 1500kN load.  The gauge which failed sooner 
(shown red) also consistently recorded significantly higher strain than the other, for instance at 
1000kN it observed approximately 900µε whereas the other was approximately half that reading at 
450µε.  As observed above, there was a significant difference between the observed cracking 
behaviour on one side of the column compared to the other, which along with this difference in 
strain readings suggests eccentric deformation of the column.  
 
Figure 4.18 - Concrete strain of column S3 
 
The spiral strain recordings of column S3 is plotted against the applied load in Figure 4.19 below.  
The strain in the spiral gradually increased to approximately 200µε at 1200kN, and then rapidly 
increased to between 650µε and 800µε at 1500kN, at which point the concrete had spalled, 
destroying the wires attached to each gauge.  There is a slight difference between each gauge, with 






















Figure 4.19 - GFRP spiral strain of column S3 
 
The strain in the vertical GFRP bars for column S3 is plotted in Figure 4.20 below.  The strain in 
each gauge showed a gradual rise to 1400kN however one gauge reached this point at significantly 
higher strain than the other; approximately 2700µε (shown red) compared to 1200µε. Once the 
concrete spalled at 1500kN, the strain in each gauge converged at approximately 3600µε.  This 
discrepancy on the transition from the first loading state to the second is shown on the chart.  In the 
second loading phase the strain increased approximately linearly to 6900µε at 2100kN before local 
failure of the column occurred. This indicates that up until the first peak load there was an eccentric 
load response, but in the second loading phase the share of strain between the bars on each side of 
the column was more evenly spread. 
 






































The strain of the CRS of column S3 is plotted against the applied load in Figure 4.21 below.  
Similar to the vertical GFRP bars, there was a significant difference in the strain behaviour of each 
gauge up until the initial peak load.  For instance, at 1400kN load one gauge (shown blue) had 
reached approximately 180µε, whereas the other reached 1200µε.   After the cover concrete spalled, 
the strain at each side of the CRS increased to 1750µε and 2250µε respectively, and then increased 
in an almost linear trend during the second loading phase to approximately 3600µε at 2100kN.  
Similarly to the GFRP bars this could indicate that up until the first peak load the column 
experienced an eccentric distribution of load, and during the second loading phase this evened out 
as the concrete became triaxially confined. 
 
Figure 4.21 - CRS strain for column S3 
 
The strain data for column S3 has been reviewed in comparison to video footage of the testing of 
the column, which confirms that cover concrete began cracking at the initial peak load of 
approximately 1500kN, at which point the column noticeably began to deform as the cover concrete 
spalled, prior to withstanding further loading.  The local failure at the top of the column occurred 























4.6 Behaviour of control column SC 
It was observed that the control column SC failed due to rupture of the GFRP spiral, as shown in 
Figure 4.22 and Figure 4.23 below.   
 
Figure 4.22 - Cracking of control column SC between first peak load and failure 
 
Figure 4.22 depicts the progression of failure of the column.  The cover concrete began cracking at 
approximately 1300kN, and initially the cracks developed in a similar manner to column S2, 
separating from the spiral reinforcement in large pieces.  In this instance however the column 
continued to be deformed significantly without supporting much more load, failing when the spiral 
reinforcement ruptured at approximately 1400kN.  It can also be seen that unlike the other three 
columns, the fibreglass confinement did not fail. 
Figure 4.23 show the final state of the column.  The fibreglass confinement at the top of the column 
is clearly still intact, and the top half of the column where the spiral ruptured shows signs of the 
internal concrete having broken apart.  The lower half of the column appears to have no significant 
damage other the cover concrete having spalled off, although a large section on one side is still 
attached to the column. 
This suggests that most of the deformation of the column under load occurred in the top half of the 
column, and some lateral movement may have occurred resulting in less spalling on one side. 








Figure 4.23 - Failure of GFRP spiral and concrete at top of column SC 
 
As shown in Figure 4.24 below, it was also observed that the CRS showed signs of damage locally 
at the top of the column, however there were no visible signs of buckling of the inner tube.  It is also 
apparent that the CRS was cast off-centre at this end of the column. 






Figure 4.24 - Local damage to top of CRS of column SC 
 
The concrete surface strain of the control column SC is plotted in Figure 4.25.  While both strain 
gauges gradually increased in strain until they stopped recording data at 1300kN, there is a 
significant difference in the recorded strains.  The strain on one side of the column reached 
approximately 500µε whereas the other (shown red) reached a maximum of 2200µε.  This could be 
due to eccentric loading of the column or a defect such as the ends of the column not being level. 
 





















The spiral strain data for the control column SC is plotted against the applied load in Figure 4.26 
below.  It shows an approximately linear response up until 200µε at 900kN load.  From there rate of 
deformation gradually increased until 600µε at the peak load of approximately 1300kN.  Both strain 
gauges stopped recording data at this load, due to the cover concrete spalling; however one 
continued to record strain data up to 1000µε. 
 
 
Figure 4.26 - GFRP spiral strain of column SC 
 
The strain data for each side of the CRS for the control column SC is shown in Figure 4.27 below.  
Both gauges gradually increased in strain up until the first peak load; however one of the gauges 
(shown red) deformed significantly more at 1500µε compared to 200µε.  Both sides continued to 
deform until the second peak load at 1400kN to approximately 5500µε and 3500µε respectively.  
This discrepancy in strain between each side of the CRS could be indicative of eccentric loading of 
the column, or as a result of the CRS not being cast perfectly central and vertical to the column. 
Unlike the other three columns, the control column SC did not enter into a second phase of 
increased load support after the cover concrete spalled, as indicated by the flattening off of the load-






















Figure 4.27 - CRS strain of column SC 
 
A review of the video footage of the testing of the control column SC and the strain data showed the 
that cover concrete began cracking significantly at the initial peak load of approximately 1300kN, at 
which point the column noticeably began to deform, and continued to do so after the cover concrete 
spalled.  Notably, the top of the column appeared to move laterally as deformation increased after 
the initial peak load. The failure of the spiral occurred at approximately ¼ of the distance from the 
top after all the concrete had spalled in this area.  There also appeared to be less spalling of the 






















4.7 Concrete strength 
In order to more accurately analyse the behaviour the columns, the eight (8) concrete test cylinders 
were tested for compressive strength, the results of which are shown in Table 4.1.  As such, the 
average value of 34.4MPa will be used in further analysis of the test columns. 










Std Deviation 4.1 
Table 4.1 - Results of concrete strength test 
 
 
4.8 Summary of results 
The summary of load and deformation data is shown in Table 4.2 below.  It can be seen that the 
columns S1 to S3 show an increase in both deflection and load carrying capacity from the initial 
peak load (P1) to the final peak load (P2) prior to failure.  The control column SC is characterised 
by an insignificant increase in load carrying capacity, and ultimate failure due to spiral rupture.   
Note that the figures in Table 4.2 and Table 4.3 are extracted directly from the data and as such are 
more accurately representative of the salient points of load and reformation than the approximate 
figures reported above.  
Column P1 (kN) Δ at P1 (mm) P2 (kN) Δ at P2 (mm) Failure Mode 
S1 1431 6.1 1917 15 local (top) 
S2 1397 5.7 1901 13.2 local (btm) 
S3 1547 7.8 2126 16 local (top) 
SC 1309 6.4 1407 19.2 Spiral (top half) 
Table 4.2 - Summary of load and deflection data 
 





The strain data is summarised in Table 4.3 below.  Note that all figures for P1 and P2 are the 
average between each pair of strain gauges for the given component.  The failure GFRP spiral 
strains however (shown italic) are the maximum recorded strain before each gauge failed due to 










strain at P1 
(µε) 
GFRP Bar 






at P2  (µε) 
S1 439.1 655.5 2425.9 9776.3 852.1 4199.9 
S2 375.2 657.6 2836.7 7976.6 1476.3 5695.8 
S3 747.3 865.4 2857.2 6911.4 1356.3 3621.6 
SC 516.8 820.1 N/A N/A 855.3 4493.5 
Table 4.3 - Summary of strain data 
 
4.9 Conclusion 
The above observations indicate that the GFRP bar diameter has an effect on the initial peak load, 
the second peak load, and the deformation behaviour experienced by each column.  The behaviour 
of the control column after the initial peak load suggests that vertical GFRP bars are required to 
produce the increased load carrying capacity experienced by the other three columns. 
The influence of GFRP bar diameter on this combined reinforcement effect will be explored further 
in Chapter 5, with particular attention paid to the effectiveness of the confinement, and the 
deformation behaviour of the columns. 
 





Chapter 5 Discussion 
5.1 Introduction 
This chapter discusses the obtained results and observations, with particular attention to the effect of 
the test variable which is the diameter of the GFRP reinforcement bars.  The three parameters in 
which the effect of the bar diameter will be discussed are the effect on the axial strength, the 
efficiency of the concrete confinement provided by the bars and spirals, and the ductility behaviour 
of each column. 
For the purpose of this discussion the bar diameter will be expressed as the reinforcement ratio 
(RR), which is the total cross-sectional area of the vertical GFRP bars in each column, divided by 
the cross-sectional area of the column.  
 
5.2 Axial Capacity 
The initial peak load (P1) and second peak load (P2) are shown in in Table 5.1.  Notably, the test 
columns with GFRP bars (S1-S3) showed an average 36% increase in capacity after the initial peak 
load, compared to the control column (SC) which did not have GFRP bars and only increased by 
7.5%.  This suggests that the presence of CRS as internal confinement combined with GFRP bars 
and spirals was sufficient to triaxially confine the concrete after the initial peak load.   This is also 
consistent with previous work by Han et al (2010) which confirmed that internal confinement 
enhances the strength of hollow circular columns.  
 
Column RR (%) P1 (kN) P2 (kN) P2/P1 
S1 1.643 1431 1917 134.0% 
S2 2.575 1397 1901 136.1% 
S3 3.716 1547 2126 137.4% 
SC 0.000 1309 1407 107.5% 
Table 5.1 - Increase in axial capacity from P1 to P2 
 





5.2.1 Comparison to theoretical estimation of initial peak load  
As described in chapter 3.4, the theoretical analysis of the first peak load is based upon previous 
work by AlAjarmeh et al. (2019) and Hadi et al. (2010), which experimentally tested GFRP 
reinforced circular hollow columns and found a high correlation with the assumption that the axial 
strain of GFRP bars is compatible with the axial strain of concrete.   
In the instance of this research, the presence of hollow composite section (CRS) has been included 
in the same manner as the vertical GFRP bar reinforcement, as shown in Equation 5.1.   As such, 
any significant and consistent difference between these experimental results and Pn could be 
inferred to be the result of the addition of CRS.  Furthermore, the average compressive strength of 
f’c=34.4MPa is used for this calculation. 
𝑃𝑛 = 𝑃𝐶𝑜𝑛𝑐. + 𝑃𝐺𝐹𝑅𝑃 + 𝑃𝐶𝑅𝑆 
𝑃𝑛 = 0.85 × 𝑓
′
𝑐 × (𝐴𝑔 − 𝐴𝐹𝑅𝑃) + 0.003 𝐸𝐹𝑅𝑃 𝐴𝐹𝑅𝑃  + 0.00286 𝐸𝐶𝑅𝑆 𝐴𝐶𝑅𝑆 
Equation 5.1 
 
Table 5.2 shows the calculated contribution of each element of the column to the first peak axial 
















PConc PGFRP PCRS 
Pn 
(kN) 
S1 61.3 760 42.1 1585 43915 1284.1 139.8 190.8 1615 
S2 60.5 1191 42.1 1585 43484 1271.5 216.2 190.8 1679 
S3 60.5 1719 42.1 1585 42956 1256.0 312.0 190.8 1759 
SC 0 0 42.1 1585 44675 1306.3 0.0 190.8 1497 
Table 5.2 - Theoretical calculation of the first peak load (Pn) 
 
 





Column RR (%) P1 (kN) Pn (kN) P1/Pn 
S1 1.643 1431 1615 88.6% 
S2 2.575 1397 1679 83.2% 
S3 3.716 1547 1759 87.9% 
SC 0.000 1309 1497 87.4% 
average 86.8% 
Table 5.3 – Initial peak axial capacity compared to theoretical estimation  
 
As shown in Table 5.3, the initial peak capacity was lower than estimated by Equation 5.1 at an 
average of 86.8%.   From this, it could be inferred that the CRS provided rigid support to the 
internal hollow core of each column, preventing strain from occurring inwards, resulting in more 
strain occurring sooner to the outer layer of cover concrete. 
 
5.2.2 Improvement of the theoretical model based on experimental data  
In order to refine Equation 5.1 to better suit the experimental data, one approach could be to 
compare the average strain values for GFRP bars and the CRS at P1.  As shown in Table 5.4, the 
experimental average GFRP strain of 2707 µε is close to the assumed strain, the CRS experienced 
less than 40% of the assumed strain of 2860µε . 
 
Column 
GFRP Bar strain 
at P1 (µε) 
CRS strain at 
P1 (µε) 
S1 2425.9 852.1 
S2 2836.7 1476.3 
S3 2857.2 1356.3 
SC N/A 855.3 
average: 2707 1135 
Assumed : 3000 2860 
Table 5.4 - Average strain for GFRP bars and CRS at P1 
 
Substituting the experimental values into Equation 5.1, we arrive at the following Equation 5.2: 
𝑃𝑛 = 0.85 × 𝑓
′
𝑐 × (𝐴𝑔 − 𝐴𝐹𝑅𝑃) + 0.0027 𝐸𝐹𝑅𝑃 𝐴𝐹𝑅𝑃  + 0.0011 𝐸𝐶𝑅𝑆 𝐴𝐶𝑅𝑆 
Equation 5.2 
 





Column RR (%) P1 (kN) Pn (kN) P1/Pn 
S1 1.643 1431 1483 96.5% 
S2 2.575 1397 1539 90.8% 
S3 3.716 1547 1610 96.1% 
SC 0.000 1309 1380 94.9% 
average 94.5% 
Table 5.5- Initial peak axial capacity compared to improved theoretical estimation 
 
As shown in Table 5.5, the improved Equation 5.2 with experimentally derived strain assumptions 
more closely predicts the initial peak axial capacity.  It should also be noted that with such a small 
sample size and considering that the tested concrete strength was quite varied at 34.4MPa with a 
12% coefficient of variation, it could be surmised that the above approach to estimating the initial 
peak axial capacity is potentially valid.  Furthermore, if the characteristic concrete strength is 
assumed to be 32MPa, which is the strength that was ordered from the batch plant, the average 
prediction accuracy P1/Pn = 100.5%.  
 
5.2.3 Effect of GFRP bar diameter on initial peak load (P1) 
The initial peak load (P1) of each column is graphed against the reinforcement ratio (RR) in Figure 
5.1, which shows an upward trend as the bar diameter increased.  This upward trend shows good 
correlation to the linear trendline (shown dashed) with an R
2
 of 0.83, and is in accordance with 
accepted theory which forms the basis for Equation 5.1. 
 
Figure 5.1 Effect of bar diameter on initial peak load (P1) 



























5.2.4 Effect of GFRP bar diameter on second peak load (P2) 
The initial peak load (P1) of each column is graphed against the reinforcement ratio (RR) in Figure 
5.2, which shows an upward trend as the bar diameter increased.  This upward trend shows strong 
correlation to the linear trendline (shown dashed) with an R
2
 of 0.90.  This indicates that the 
increase of bar diameter did not have a detrimental effect on the axial capacity of the columns after 
the linear elastic phase.  
 
 
Figure 5.2 Effect of bar diameter on second peak load (P2) 
 
  



























5.3 Confinement efficiency 
In order to assess the efficiency of the confinement provided by the GFRP bars and spirals, the 
concentration of stress within each column must be assessed throughout the loading process.  Figure 




Figure 5.3 - Typical stress deformation relationship 
 
The first phase is defined by the linear elastic behaviour the columns exhibited prior to the 
transitional zone where the unconfined cover concrete spalled from the outside of each column, 
coinciding initial peak load (P1).  The unconfined concrete strength (f’co) is calculated as 
approximately 85% of the average compressive strength of the concrete as tested at 28 days, as per 
Equation 5.3. 



























Zone phase 1 phase 2 





The loss of the cover concrete causes a reduction in the effective cross-sectional area of the column, 
resulting in an increase in the stress experienced by the column during the transition zone. 
From this point, all of the remaining concrete is contained between the GFRP reinforcement and the 
composite hollow section, resulting in triaxial confinement of the concrete as the loading increased 
to the second peak load (P2).  The confined strength (f’cc) of each column is taken as the stress at 
the second peak load. Table 5.6 shows the confinement efficiency (f’cc) of each column, which is 
calculated by dividing the confined strength (f’cc) of the column by the unconfined strength of the 
concrete. 
 
Column RR (%) 




S1 1.643 67.1 2.29 
S2 2.575 66.5 2.27 
S3 3.716 74.4 2.54 
SC 0.000 49.2 1.68 
Table 5.6 - Confined strength and confinement efficiency of each column 
 
It is worth noting that the confined strength of the three test samples with GFRP bars (S1-S3) show 
a significantly higher increase in confined strength compared to the control sample (SC), which is 
consistent with the increased second peak load carried by these columns. 
 
 
Figure 5.4 - Confinement efficiency relationship to reinforcement ratio 































Figure 5.4 shows that there is an upward trend in the confinement efficiency as the GFRP bar 
reinforcement ratio increased, which indicates that the larger bar diameters are more effective at 
confining the concrete between the spirals and the CRS.   
 
5.4 Ductility 
In order to assess the influence of the bar diameter on the ductility of each column, the ductility 
factor will be calculated as per the method described by past work by AlAjarmeh et al. (2019).  The 
ductility factor is defined by the relationship between the deformation at the second peak load and 
first leak load respectively, as shown in Equation 5.4 and Figure 5.5. 




Figure 5.5 - Deformation points used to calculate ductility factor 
 
The ductility factor (DF) for each column is shown in Table 5.7, and plotted against the 
reinforcement ratio in Figure 5.6.  Note there is a strong downward linear relationship (R
2
 = 0.97) 
between the ductility factor and the reinforcement ratio.  This indicates that as the reinforcement 


















Column RR (%) Δ1 (mm) Δ2 (mm) DF (Δ2/Δ1) 
S1 1.643 6.1 15 2.44 
S2 2.575 5.7 13.2 2.32 
S3 3.716 7.8 16 2.05 
SC 0.000 6.4 19.2 3.00 
Table 5.7 - Ductility factor of each column 
 
 
Figure 5.6 – Relationship of the ductility factor to reinforcement ratio 
 
  





























5.5 Discussion summary 
The initial peak load was an average of 86.8% of the estimated load based on initial theoretical 
analysis, likely due to the presence of CRS as a rigid support which prevented cracking of the 
hollow part of the column.  By using the average experimental strain data, the theoretical estimation 
was able to be improved, resulting in the initial peak load being an average of 94.5% of the 
improved theoretical calculation.  This result is within the margin of error for the concrete strength, 
and taking into consideration the small sample size, could be considered in future work in this area. 
The columns with both GFRP bars and CRS showed an average 36% increase in capacity after the 
initial peak load, compared to the control column with CRS only, which increased by 7.5%.  This 
suggests that a minimum amount of GFRP bar reinforcement is required to adequately distribute the 
internal forces of the column to the spirals, if an increase in capacity is required.  This relationship 
was also expressed as the confinement efficiency, which increased as the GFRP bar diameter 
increased, which showed that increasing the bar diameter provides more effective distribution of the 
stress within the confined concrete to the spirals. 
Conversely, the ductility of the columns decreased as the reinforcement ratio increased, indicating 
that the additional strength results in a stiffer column after the initial peak load.  The high degree of 
correlation of these results to a linear downward trend in ductility could be used to predict the 
deformation behaviour of columns in future work. 





Chapter 6 Conclusions and Further Work 
6.1 Conclusions 
This study investigated the axial behaviour of hollow circular concrete columns reinforced with 
GFRP bars and spirals, with the addition of a hollow composite section (CRS) as internal 
confinement.  The test parameter was the effect of changing the reinforcement ratio by increasing 
the diameter of the vertical GFRP bars.  A theoretical estimation of the initial peak axial load was 
based upon previous work, and adapted to suit the experimental data to account for the effect of the 
internal support provided by the CRS.  The following conclusions can be made: 
6.1.1 Axial capacity 
 Increasing the reinforcement ratio increased the initial peak axial capacity of the columns, 
which is able to be predicted using the modified theoretical model.   
 Increasing the GFRP bar diameter from 12.7mm to 19.1mm increased the initial peak axial 
capacity by 8%  
 Increasing the GFRP bar diameter from 12.7mm to 19.1mm increased the ultimate peak 
axial capacity by 10% 
 The combination of GFRP bars, spirals, and CRS significantly increased the load carrying 
capacity of the columns after the initial peak load by an average of 36%.  
6.1.2 Confinement 
 Increasing the reinforcement ratio increased the efficiency of the confinement provided by 
the spirals. 
 The presence of CRS as support of the internal hollow core prevented the concrete from 
collapsing inwards, and in combination with the GFRP bars, caused triaxial confinement of 
the concrete after the initial peak load. 
6.1.3 Ductility 
 Increasing the reinforcement ratio decreased the ductility of the columns. 
  





6.2 Future Work 
6.2.1 Experimental Setup 
Three of the four columns experienced local failure at one end of the column due to inadequate 
confinement.  Future experimental work should provide steel clamps at both ends of the column to 
prevent local failure. 
6.2.2 Theoretical Analysis 
Due to the scope of this being an undergraduate academic exercise, and time limitations of this 
project, analytical modelling of the axial behaviour of the columns after the initial peak load has not 
been conducted.  
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